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In neutron imaging, enhancing the brightness of a neutron detector is an important factor for shortening the imaging 
time and improving the image quality. Recently, we devised a technique for increasing the light intensity received on 
a camera by adding brightness enhancement films (BEFs) on the output surface of a scintillator. Using a BEF (BEF II 
90/24, Vikuiti 3M), the brightness was enhanced, but the spatial resolution was reduced. In this study, we 
investigated the brightness and spatial resolution using several types of BEFs with different thicknesses and prism 
pitches. No correlation between the brightness and the film thickness, and between the brightness and the prism pitch, 
was recognized. For the spatial resolution, however, when the film thickness was reduced, the spatial resolution was 
observed to improve. 
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1. Introduction 
Recently, the number of investigations involving dynamic observation has increased at the thermal 
neutron radiography facility (TNRF) installed at the Japan research reactor-3 (JRR-3) of the Japan Atomic 
Energy Agency (JAEA). To perform high frame rate imaging (<1 ms), it is necessary for the camera to 
receive a sufficient amount of light. Therefore, a high neutron flux, a high-intensity neutron detector, and 
a high-sensitivity camera system are required. Because the TNRF has a comparatively high neutron flux 
(1.5 × 108 n/cm2/s) and a large exposure area (255 mm W × 305 mm H) [1], it is suitable for carrying out 
dynamic observations inside large samples. With regard to the neutron detector, the brightness of the 
neutron conversion scintillator developed at the JAEA is more than twice that of conventional products 
[2], and further improvements in the intensity of the converter are being investigated.    
In addition, we previously devised a technique for increasing the light intensity of a camera reception 
using brightness enhancement films (BEFs). This technique is very simple and only requires attachment 
of BEFs on the output surface of a scintillator for neutron imaging. Using BEF II 90/24 (Vikuiti 3M), 
brightness was observed to increase by approximately 2.5 times. However, a decrease in the spatial 
resolution also occurred [2-3]. 
BEFs have been used as materials for liquid crystal displays and cellular phone displays. Their 
prismatic structure focuses light toward the viewer and controls the angle of light exiting from a backlight 
source. BEFs consist of a layer of acrylic prism shapes laminated onto a polyester film (Fig. 2 right). Thus, 
the properties of BEFs depend on their structure and materials. In this study, the influence of the thickness 
and prism pitch of BEFs on the brightness and spatial resolution of a neutron imaging system were 
investigated using several different types of BEFs. 
 
2.  Neutron imaging system 
Neutron imaging was carried out at the neutron radiography facility (E-2 beam hole) installed in the 
Kyoto University Research Reactor Institute (KURRI), because the operation of the JRR-3 has been 
suspended ever since the 2011 Tohoku-oki earthquake (Mw 9.0) in Japan. In the E-2 beam hole, the 
neutron flux is approximately 3.2 × 105 n/cm2/s (at 5 MW) and the exposure area is approximately 150 
mm in diameter [4]. The camera system consists of a BU-53LN cooled charge coupled device (C-CCD) 
camera (BITRAN) and an 85 mm lens (Nikon Nikkor, F = 1.4) with extension rings (Nikon). The light 
converted by a scintillator is reflected once by a single mirror to be transported to the camera system (Fig. 
1). This C-CCD camera has 4008 × 2672 pixels and provides 16 bit digitization. Because the view size 
using this 85 mm lens is approximately 150 × 100 mm2, the pixel size becomes approximately 40 × 40 
m2. In this study, a commercial type scintillator called an NR-converter (Kasei Optonix) was used as the 
neutron detector. 
 
3. Brightness enhanced films 
Two BEFs were stacked perpendicularly and placed on the output surface of the NR-converter, and 
silica glass was pressed on the films in order to stick to the converter (Fig. 2 left). The configuration of 
the BEFs used for this study is shown in Table 1. BEF II 90/24 is what we used in the first BEF [2] and is 
referred to as BEF-1. The other three types of BEFs are composed of a thin polyester substrate (50 m), 
and are termed the thin BEF (TBEF) series (Vikuiti TM). The polyester thickness of TBEF2-T(24)n 
(hereafter BEF-2) is thinner than that of BEF-1, while the prism pitch of BEF-2 is similar to that of BEF-
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1. In the case of TBEF2-T(19)n (hereafter BEF-3), the prism pitch is different from that of BEF-2. Finally, 













Fig. 2. Experimental setting for the BEF (left) and the structure of a BEF (right). 
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Table 1. Configuration of the BEFs 
BEF prism pitch ( m) 
thickness ( m) 
prism material 
total  polyester  
 BEF-1  (BEF II 90/24) 24 140 127 standard type 
 BEF-2  (TBEF2-T(24)n) 24 62 50 standard type 
 BEF-3  (TBEF2-T(19)n) 19 60 50 standard type 
 BEF-4  (TBEF2-GT(24)) 24 65 50 high gain type 
4.  Evaluation of the brightness enhancement 
Figure 3 shows a comparison of the brightness using each BEF. The value of the brightness was 
obtained by subtracting the dark current from the signal counts for the camera. The error bar shows the 
standard deviation. The exposure time was 10 min at 1 MW or 2 min at 5 MW in reactor output. As 
previously reported, the brightness with BEF-1 was increased by approximately 2.5 times that of the 
brightness without a BEF [2]. In this study, the brightness with BEF-1 is nearly the same as that with 
BEF-2. Therefore, it was confirmed that the thickness of the polyester substrate did not affect the 
brightness enhancement. The brightness with BEF-3, however, was slightly less than that with BEF-1 or 
BEF-2, while the brightness with BEF-4 was higher than that with the other three BEFs evaluated in this 

















Fig. 3. Comparison of the brightness as a function of the type of BEF. The error bars represent the standard deviation. 
 
5. Evaluation of the spatial resolution 
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An imaging test for the evaluation of the spatial resolution was carried out using the Gd-resolution 
mask No. 2, which was previously developed by the JAEA [2]. Because the arrangement of the imaging 
system used in this test was common to that used for the evaluation of the brightness enhancement, the 
same exposure times of 10 min at 1 MW or 2 min at 5 MW were used. 
 
5.1. Effect of the polymer substrate thickness on the spatial resolution 
Initially, to investigate the effect of a given thickness of the polymer substrate on the spatial resolution, 
the Gd-resolution mask No. 2 image obtained using BEF-1 was compared with that obtained using BEF-2. 
Figures 4 (a)–(c) show the neutron transmission images of the Gd-resolution mask No. 2 (a) without a 
BEF, (b) with BEF-1, and (c) with BEF-2. A schematic diagram of the Gd-resolution mask No. 2 [2] can 































Fig. 4. Neutron transmission images of the Gd-resolution mask No. 2 (a) without a BEF, (b) with BEF-1, and (c) with BEF-2; 
(d) the designed Gd-resolution mask No. 2 for neutron imaging [2]. The values on the figure indicate the LP widths in units of mm. 
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It was confirmed that the spatial resolution of the images obtained using BEF-1 or BEF-2 were 
degraded. However, the image with BEF-2 was relatively clearer than that with BEF-1, as is evident in 
Figs. 4 (b) and (c). Therefore, the detailed spatial resolution was evaluated based on the calculation via 
Fourier transformation of the modulation transfer function (MTF) derived from the line-spread function. 
Recently, the MTF has mainly been used for evaluation of the spatial resolution in neutron radiography, 
which is defined as 10% of the MTF [5-6]. The MTF was obtained from the neutron transmission ratio, 
and 10% of the MTF was introduced from two polynomial function curves fitted to the experimental data 
(Fig. 5). The spatial resolution equal to 10% of the MTF was 1.481 LP/mm for BEF-1 and 1.480 LP/mm 
for BEF-2, which were very similar. It is interesting to note that the spatial resolution with BEF-2 was 


















Fig. 5. MTF values using an NR-converter with BEF-1 or BEF-2. The curves were approximated using a two polynomial 
function to calculate each 10% MTF. 
 
5.2. Effect of the prism pitch and material on the two spatial resolution 
Next, the effect of the prism pitch and prism material of the BEFs on the spatial resolution was 
investigated. To evaluate the prism pitch and the prism material, the MTF of BEF-2 was compared to that 
of BEF-3 and BEF-4. Using the same method described in the previous section (5.1), the MTF was 
calculated from the neutron transmission ratio, and 10% of the MTF was calculated from two polynomial 
function curves fitted to the experimental data (Fig. 6). As can be seen in the figure, there was no 
significant difference between the values calculated as 10% of the MTF for BEF-2, BEF-3, and BEF-4. 
Therefore, these results indicate that the effect of the prism pitch and the prism material on the spatial 




10% of the MTF 
  BEF-1: 1.481 
  BEF-2: 1.480  
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Fig. 6. MTF values using an NR-converter with BEF-2, BEF-3, or BEF-4. (a) Comparison of the spatial resolution given the 
prism pitch. (b) Comparison of the spatial resolution given the prism material. The curves were approximated using a two 
polynomial function to calculate each 10% MTF 
 
6. Conclusion 
In this study, the effect of four types of BEFs on the brightness and spatial resolution of a neutron 
detector used for neutron imaging was investigated. Previously, the brightness of the scintillator using 
BEF-1 was increased by more than approximately 2.5 times in comparison to that with no BEF. In this 
study, it was found that with BEF-4, which has a high transmittance for visible light, the brightness was 
higher than that with BEF-1 and was increased by approximately 2.8 times in comparison with that with 
no BEF. In addition, it was confirmed that the effect of both the film thickness and the prism pitch on the 
brightness enhancement is small. Although the brightness with BEF-3 was slightly lower than that with 
BEF-2, the difference is likely caused by the lower effective transmittance of BEF-3, which is owing to 
its smaller prism pitch (data not shown) [7].  
With respect to the spatial resolution, improvement was achieved when using a BEF with a thinner 
polyester substrate. In this case, because the area for scattering of the visible light inside the thinner 
polyester substrate is reduced, the spread of the positional information about the captured neutrons should 
also be reduced. It is interesting to note that the spatial resolution with BEF-2 was improved in 
comparison to that with BEF-1 in the low LP/mm region. Moreover, there was almost no difference in the 
10% MTF values among the four prepared BEFs. This result suggests that other factors, including the 
scintillator thickness, may determine the spatial resolution. Meanwhile, little correlation was also 
observed between the prism pitch and the spatial resolution.   
From the above results, it was concluded that BEF-4 is the most effective of all the four BEFs 
evaluated in this study for use in high frame rate imaging. 
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